Purpose of Review Tissue injury stimulates an inflammatory response that is mediated in part by alarmins. Alarmins are a group of endogenous molecules that trigger inflammation in response to damage. This class of molecules is becoming increasingly recognized for its ability to influence wound healing. This article will provide an overview of alarmins and outline the latest findings on these mediators in cutaneous wound healing. Recent Findings In addition to stimulating inflammatory cells, recent evidence suggests that alarmins can act on other cells in the skin to affect wound closure and the extent of scar tissue production. This review will focus on high-mobility group box-1 and IL-33, two alarmins that have received recent attention in the wound healing field. Summary Because a properly regulated inflammatory response is critical for optimal healing, further research must be done to fully understand the role of alarmins in the wound repair process.
Introduction
The repair of cutaneous wounds requires a complex set of events that include inflammation, proliferation, and scar formation. Despite being induced immediately after injury and contributing to the earliest stages of healing, the inflammatory response can also help regulate later phases of the repair process [1] . A carefully balanced inflammatory response is critical for proper healing-too little inflammation can increase the risk of wound infection which can impair healing, while too much inflammation can delay healing and result in excessive scarring.
Many different signals can induce inflammation in a wound, and inflammatory cells are capable of recognizing both exogenous and endogenous danger signals [2, 3] (Fig. 1) . One of the primary functions of inflammation is to prevent infection, and inflammatory cells are equipped with multiple pattern recognition receptors that recognize potential pathogens. These receptors, which include toll-like receptors (TLRs), bind to pathogen-associated molecular patterns (PAMPs) associated with microbes. This binding triggers signaling events that activate antimicrobial defense systems and stimulate pro-inflammatory cytokine production by the inflammatory cells, usually through activation of the transcription factor nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB). Inflammation can also be induced by tissue injury in even in the absence of microbes through recognition of alarmins (also known as damage-associated molecular patterns or DAMPs). Alarmins are endogenous molecules released by damaged host cells [2, 3] . Many alarmins are proteins that are located in the nucleus or another intracellular compartment where they are not normally exposed to inflammatory cells. However, when cell damage occurs, these molecules are released into the extracellular space where they are recognized by receptors on the surface of inflammatory cells (and other cell types harboring the receptor). In addition to being released by damaged cells, alarmins can also be secreted by activated immune cells, enhancing inflammation [2] . Many different molecules have been identified as alarmins, such as HMGB-1 (high-mobility group box-1), S100 proteins, heat shock proteins, uric acid, adenosine triphosphate (ATP), and members of the interleukin-1 (IL-1) family, including IL-1α and IL-33 [2, 3, 4•] . Two alarmins that have gained recent attention for their involvement in wound healing are HMGB-1 and IL-33. In the sections below, publications examining these two alarmins in wound healing will be discussed.
High-Mobility Group Box-1
HMGB-1 is a non-histone DNA binding protein that facilitates interactions between transcription factors and chromatin [2, 3] . HMGB-1 normally resides in the nucleus, but in damaged cells, it moves to the cytoplasm and is released into the extracellular space. Outside of the cell, HMGB-1 stimulates inflammation by binding to toll-like receptors (TLR2 and TLR4) and receptor of advanced glycation end products (RAGE) on the surface of inflammatory cells [3] . Stimulation of both receptor signaling pathways by HMGB-1 causes activation of NF-κB and the production of pro-inflammatory cytokines.
Many different cell types contribute to the repair process, including keratinocytes in the epidermis as well as fibroblasts and endothelial cells in the dermis. There is evidence that HMGB-1 affects all three of these cell types. HMGB-1 was shown to promote viability, proliferation, and migration in HaCaT keratinocytes via RAGE signaling [5] . Similarly, Straino et al. showed that HMGB-1 acts as a chemoattractant for primary human keratinocytes [6] . Studies have also shown that estrogen, which is known to accelerate wound closure [7] [8] [9] , increases HMGB-1 in keratinocytes and that HMGB-1 mediates estrogen-induced keratinocyte migration [10] . HMGB-1 has also been shown to act as a chemoattractant in primary human fibroblasts [6] . Subsequent studies using 3T3 fibroblasts showed that HMGB-1 promotes fibroblast proliferation and migration and that RAGE-mediated mitogen-activated protein kinase (MAPK) activation is required for this activity [11] . RAGE activation by HMGB-1 also controls endothelial cell behavior, causing an increase in endothelial cell proliferation, chemotaxis, and vascular sprouting in vitro [12] , suggesting a role for HMGB-1 in neovascularization.
In addition to studies on the in vitro effects of HMGB-1 on cell types relevant to wound healing, the in vivo functions of HMGB-1 during wound healing have been assessed in multiple types of experimental wounds, including burn injuries, diabetic wounds, fetal wounds, and subcutaneous sponge implants. In burn wound models, HMGB-1 has been shown to be a useful marker for necrosis [13] [14] [15] [16] . The pattern of HMGB-1 staining is altered after burn injury, with strong nuclear staining in normal cells changing to cytoplasmic staining in necrotic cells. HMGB-1 staining used in conjunction with active caspase-3 staining can be used to distinguish between necrotic cells (cytoplasmic HMGB-1 staining) and apoptotic cells (active caspase-3 staining) in burn wounds [14] . Nuclear HMGB-1 levels decrease with burn contact time [15] , indicating a correlation between nuclear HMGB-1 localization and the severity of the burn injury. In addition, HMGB-1 staining may be useful for visualizing burn progression, as the initially healthy area of tissue surrounding the burn eventually becomes non-viable due to expansion of the necrotic zone [14, 16] . A recent study has also suggested a link between HMGB-1 and cholinergic activation, as alterations in cholinergic mediators are associated with the induction of HMGB-1 after burn injury [17] .
HMGB-1 also plays a role in diabetic wounds. Straino and colleagues performed a detailed study of HMGB-1 in normal and diabetic wound healing [6] . HMGB-1 was present in the nucleus of epidermal keratinocytes in normal skin but accumulated in the cytoplasm in wounded skin, which is suggestive of extracellular release. Diabetic human and mouse skin, which are characterized by delayed healing, showed reduced HMGB-1 levels supporting a beneficial role for HMGB-1 in wound repair. Topical treatment of diabetic wounds with HMGB-1 accelerated wound closure and increased vessel density and granulation tissue deposition. Interestingly, HMGB-1 treatment did not augment would closure rates in non-diabetic animals, but inhibition of HMGB-1 function with a truncated form of the protein (box A) impaired wound healing in normal mice [6] . The results suggest that adequate levels of HMGB-1 are present under non-diabetic conditions, but that healing is impaired when HMGB-1 function is inhibited or when levels are reduced as in the case of diabetic wounds.
Several other studies have suggested a link between diabetes and HMGB-1 function. HMGB-1 has been shown to be a substrate for cleavage by dipeptidyl peptidase-4 (DPP-4), a protease that is associated with diabetes [18] . The cleaved form of HMGB-1 was found at high levels in the serum of diabetic patients. This could affect wound closure, as the cleaved form of HMGB-1 has reduced capacity to stimulate endothelial cells and induce angiogenesis [18] and deficiencies in neovascularization are believed to contribute to the delayed healing observed in diabetic wounds [19] . Furthermore, studies have shown that treatment with a DPP-4 inhibitor increases the migration of NTCC2544 human keratinocytes by increasing HMGB-1 levels [20] . Treatment with DPP-4 inhibitors restores serum levels of full-length HMGB-1 [18] , which could partially explain the benefit of DPP-4 inhibitors in diabetic wounds that has been reported in the literature [21, 22] . Taken together, these studies show that sufficient levels of functional full-length HMGB-1 is important for efficient wound repair.
HMGB-1 function has also been examined in fetal wounds. Fetal skin displays different healing properties depending on the developmental age of the skin [23, 24] . At early stages of development, mammalian skin heals without significant inflammation and undergoes regenerative healing which leads to a scarless healing outcome. As the skin becomes more developed, fetal wounds begin to heal with a strong inflammatory response and the formation of a well-defined scar. HMGB-1 was examined in a fetal wound healing model in an attempt to understand its role in inflammation and scar formation [25] . Developmental differences in HMGB-1 expression were observed in epidermal keratinocytes, with an increase in nuclear HMGB-1 staining in the keratinocytes of more developed skin. Spatial and temporal HMGB-1 staining patterns also differed in scarless and scar-forming wounds. Late-gestation fetal wounds, which heal with inflammation and subsequent scarring, displayed a stronger reduction of nuclear HMGB-1 staining and enhanced cytoplasmic staining in keratinocytes, implying more extensive extracellular release of HMGB-1. In addition, the staining patterns suggested that a larger number of keratinocytes were releasing HMGB-1 at the wound edge and that HMGB-1 was released for longer periods of time in scar-forming fetal wounds. The fibrogenic potential of HMGB-1 was also analyzed in fetal wounds. When HMGB-1 was injected into early-gestation wounds that normally heal scarlessly, the wounds healed with a prominent collagenous scar. In addition, wounds that received HMGB-1 had an increase in macrophages, more fibroblasts, and an elevated blood vessel density [25] . The results suggested that HMGB-1 promotes inflammation, collagen production, and scar formation in fetal wounds. In contrast to the results observed in fetal wounds, another study suggested that HMGB-1 may inhibit collagen production. In this experiment, ethyl pyruvate, which inhibits the release of HMGB-1, reduced wound breaking strength in incisional wounds and increased collagen content in subcutaneously implanted polyvinyl alcohol sponges [26] . However, it is possible that off-target effects were contributing to the reduction in collagen in the sponges, as ethyl pyruvate has other activities and is not a specific inhibitor of HMGB-1. The authors also found that HMGB-1 treatment of cultured fibroblasts caused a reduction in collagen synthesis [26] . The effective concentration of HMGB-1 used in this study (1000 ng/ml) was quite high compared to what has been used previously in fibroblast studies [6, 11] , so it is possible that the effects of HMGB-1 on fibroblast function vary depending on the concentration used. More studies will have to be done to clarify the effects of HMGB-1 on collagen production under different conditions and in different models.
Overall, studies suggest a role for HMGB-1 in promoting inflammation, angiogenesis, and wound healing in vivo. The effects of HMGB-1 on collagen synthesis appear to be modeland concentration-dependent, as HMGB-1 promotes granulation tissue deposition in diabetic wounds and scar formation in fetal wounds, but appears to reduce collagen production in cultured fibroblasts (at least with high concentrations).
Interleukin-33
IL-33 is a relatively newly described member of the IL-1 cytokine family that has been described as a dual function protein [27] . In the nucleus, IL-33 can bind to chromatin and act as a transcriptional repressor [28] . One reported property of full-length nuclear IL-33 that could impact inflammation and wound healing is the ability to bind NF-κB and reduce its transcriptional activity, which effectively suppresses proinflammatory cytokine production [27] . Importantly, IL-33 has also been shown to function as an alarmin, acting as a pro-inflammatory cytokine when released extracellularly. In this role, IL-33 stimulates inflammation by binding to a heterodimeric receptor complex on the surface of inflammatory cells [29] . Suppression of tumorigenicity 2 (ST2) is the ligand binding component, which interacts with the co-receptor IL-1 receptor accessory protein (IL-1RAcP) required for signaling [30] . Dimerization of ST2 and IL-1RAcP triggers a signaling cascade which leads to the activation of NF-κB and the MAPK pathway [31] , thereby stimulating inflammation. IL-33 is highly expressed in epithelial barrier tissues, including the skin [32, 33] . Multiple recent studies have now shown that IL-33 regulates the activity of several cell types involved in cutaneous wound healing, and a functional role for IL-33 in wound healing has been demonstrated using several different genetically modified mouse strains in various wound healing models.
One of the first hints that IL-33 may play a role in wound healing came from studies on endothelial cells. In quiescent cutaneous blood vessels, endothelial cells showed strong nuclear expression of IL-33 [34] , an observation that has also been reported by other groups [32] . IL-33 staining was lost in endothelial cells after cutaneous injury [34] . In in vitro studies, downregulation of IL-33 occurred during endothelial cell migration and after stimulation with tumor necrosis factor-α or vascular endothelial growth factor [34] . This suggests that nuclear IL-33 may maintain blood vessel quiescence under normal circumstances and that loss of nuclear IL-33 may help facilitate angiogenesis in healing wounds.
In addition to functioning in the cutaneous vasculature, several studies have shown a role for IL-33 in regulating keratinocyte function and wound closure rates. IL-33 expression levels are upregulated in the skin after injury [35, 36•] , particularly in keratinocytes [37•] . This increase in IL-33 seems to be functionally significant, as multiple in vivo approaches have shown that IL-33 is beneficial for healing. Studies by Yin et al. showed that intraperitoneal administration of IL-33 increased wound closure and also resulted in an increase in the mRNA expression of the extracellular matrix proteins fibronectin and type III collagen [35] . IL-33 treatment also increased the number of alternatively activated macrophages (or M2 macrophages) in the wounds [35] , which are believed to have pro-healing properties [38, 39] .
Studies have also shown that wound healing is delayed in mice lacking either IL-33 or its receptor, ST2. In ST2 knockout mice, no changes were observed in macroscopic wound closure, but reduced reepithelialization was seen microscopically in wounds from ST2 knockout mice 5 days after injury [40] . Reduced CD-31 staining and an increase in mature versus immature collagen were observed with picrosirius red staining, suggesting that IL-33 signaling may affect angiogenesis and extracellular matrix composition in the dermis. Changes in inflammation were also observed in ST2 knockout mice, with an increase in the proportion of pro-inflammatory macrophages despite no change in overall macrophage numbers, as well as an increase in neutrophils compared to wildtype mice [40] . Rak et al. examined wound healing in IL-33 knockout mice using a splinted wound model [36•] . They were specifically interested in examining the regulation of group 2 innate lymphoid cell (ILC2) responses by IL-33 during wound healing. They found that elevated IL-33 expression levels after wounding correlate with an increase in the presence of ILC2 cells in the wound. In IL-33 knockout mice, wound closure and reepithelialization were delayed, which was likely due in part to reduced ILC2 numbers. In addition, intraperitoneal injection of IL-33 increased the number of IL-13 + ILC2 cells and accelerated wound closure [36•] . Therefore, the ability of IL-33 to promote repair seems to be based in part on its ability to recruit ILC2 cells to the wound.
While the studies described above all seem to support a role for extracellular IL-33 in wound healing, a recent study by Oshio et al. suggested that nuclear IL-33 in keratinocytes plays a role in wound healing [37•] . In these studies, wound healing was examined in two different strains of mice. Transgenic mice expressing the soluble form of the IL-33 receptor, sST2, which normally acts to neutralize extracellular IL-33 activity, showed comparable wound healing rates to wild-type mice. This would seem to indicate that the extracellular alarmin function of IL-33 does not play an important role in wound healing. However, IL-33 knockout mice, which are deficient in both nuclear and extracellular IL-33, displayed a delay in wound closure along with a prolonged neutrophil presence in the wounds. Keratinocytes from IL-33 knockout mice also showed delayed closure in an in vitro scratch assay. Interestingly, IL-33 expression was prominent in keratinocytes at the wound margins in acute human wounds but not in chronic wounds [37•] , which supports the idea that sufficient IL-33 levels are needed for rapid wound healing.
The role of IL-33 in wound infection has also been examined. Yin and colleagues [41] showed that IL-33 is increased in wounds challenged with Staphylococcus aureus (S. aureus), a common wound pathogen. Intraperitoneal injection of IL-33 inhibited S. aureus colonization and accelerated repair. IL-33 treatment also resulted in increased neutrophil numbers, which was likely due to enhanced expression of CXCR2 [41] , a chemokine receptor involved in neutrophil trafficking. Additional studies by Li et al. in a skin infection model showed that IL-33 increases the antimicrobial activity [12] Vascular sprouting (in vitro) [12] Vascular density (in vivo) [6, 25] 
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Macrophage density (in vivo) [25] of macrophages against S. aureus by elevating inducible nitric oxide synthase expression and nitric oxide production [42] . It is possible that the ability of IL-33 to stimulate antimicrobial responses in macrophages is also contributing to the results described by Yin et al. in infected wounds where IL-33 reduced bacterial colonization and accelerated healing. Taken together, the studies described above provide strong support that IL-33 is involved in the regulation of cutaneous wound healing. However, more studies will have to be done to dissect the contributions of nuclear and extracellular IL-33 in wound repair and to define the role of IL-33 in other aspects of the wound healing process.
Conclusions
Inflammation is an important event during the wound repair process that is regulated in part by alarmins. These molecules alert the body to the injury and trigger an inflammatory response in an attempt to aid in the repair process. Recent studies support a role for alarmins, including HMGB-1 (Table 1) and IL-33 (Table 2 ), in cutaneous wound healing. Published results demonstrating the importance of alarmins in wound healing suggest that this group of molecules may have the potential to become useful therapeutically. Elevating HMGB-1 levels in wounds, particularly diabetic wounds, may help accelerate wound closure [6] . On the other hand, if cosmesis is a priority, neutralizing HMGB-1 activity may be advantageous [25] . With regard to IL-33, supplementing wounds with this molecule may be beneficial by boosting the immune response and in turn enhancing the antimicrobial response [41] and accelerating wound closure [36•] . Overall, the current state of research in this area suggests that further studies are needed to fully understand the role of HMGB-1 and IL-33 as well as other alarmins in all phases of the repair process and to determine whether manipulating alarmin levels could be beneficial for clinical wound management. [40] Fibroblasts ECM deposition (in vivo) [35, 40] Immune cells Neutrophil number (in vivo) [41] M2 macrophage number (in vivo) [35] ILC2 number (in vivo) [36•] 
